Abstract. Low response, treatment-related complications and relapse due to the low sensitivity of myelodysplastic syndrome (MDS) and leukemia stem cells (LSCs) or pre-LSCs to arsenic trioxide (ATO), represent the main problems following treatment with ATO alone in patients with MDS. To solve these problems, a chemosensitization agent can be applied to increase the susceptibility of these cells to ATO. Curcumin (CUR), which possesses a wide range of anticancer activities, is a commonly used chemosensitization agent for various types of tumors, including hematopoietic malignancies. In the present study, we investigated the cytotoxic effects and potential mechanisms in MDS-SKM-1 and leukemia stem-like KG1a cells treated with CUR and ATO alone or in combination. CUR and ATO exhibited growth inhibition detected by MTT assays and apoptosis analyzed by Annexin V/PI analyses in both SKM-1 and KG1a cells. Apoptosis of SKM-1 and KG1a cells determined by Annexin V/PI was significantly enhanced in the combination groups compared with the groups treated with either agent alone. Further evaluation was performed by western blotting for two hallmark markers of apoptosis, caspase-3 and cleaved-PARP. Co-treatment of the cells with CUR and ATO resulted in significant synergistic effects. In SKM-1 and KG1a cells, 31 and 13 proteins analyzed by protein array assays were modulated, respectively. Notably, survivin protein expression levels were downregulated in both cell lines treated with CUR alone and in combination with ATO, particularly in the latter case. Susceptibility to apoptosis was significantly increased in SKM-1 and KG1a cells treated with siRNA-survivin and ATO. These results suggested that CUR increased the sensitivity of SKM-1 and KG1a cells to ATO by downregulating the expression of survivin.
Introduction
Myelodysplastic syndrome (MDS) is a heterogeneous group of clonal hematopoietic stem cell malignancies characterized by bone marrow failure, morphologic dysplasia of bone marrow cells, pancytopenia in the peripheral blood and a high risk of acute myeloid leukemia (1, 2) . MDS tends to occur in the elderly (median age at diagnosis, 71-76 years) (3, 4) who cannot afford the complications following hematopoietic stem cell transplantation (HSCT) and high intensity chemotherapy (5) . Low doses of arsenic trioxide (ATO), a common agent used for the treatment of patients with acute promyelocytic leukemia (APL), can induce complete remission without myelosuppression and causes only few adverse effects (6, 7) . Consequently, it has similarly been applied to treat MDS patients alone or in combination with another agent in clinical trials (8) (9) (10) . Unfortunately, the hematological improvement rates of MDS patients were only 20-30% (11) . Additionally, high doses of ATO cause intolerable toxicity (12) . Furthermore, MDS, as a pre-leukemia status, exhibits the characteristics of leukemia transformation and relapse, which may be closely associated with pre-leukemic stem cells (pre-LSCs) and leukemic stem cells (LSCs) (13, 14) . Effective killing of MDS cells, as well as pre-LSCs and LSCs, by combining ATO with a chemosensitizer may be a potential strategy to improve the response rate of MDS patients to ATO treatment, block leukemic transformation and prevent MDS relapse. Previous studies have reported the combination of ATO with another agent, including thalidomide, ascorbic acid and cytarabine, in vitro and in vivo (11, 15, 16) ; however, few studies have been conducted to assess the combination of ATO with a chemosensitizer, particularly curcumin (CUR).
Curcumin reduces the expression of survivin, leading to enhancement of arsenic trioxide-induced apoptosis in myelodysplastic syndrome and leukemia stem-like cells YINGJIAN CUR, a type of polyphenol plant derived from the rhizome of turmeric, is widely used as chemopreventive and chemosensitization agent and has extensively been studied in various types of cancers, including leukemia, colon, breast, liver and lung cancer (17) . Accumulating research has revealed that CUR sensitizes neoplasms to diverse chemotherapeutic drugs in vivo and in vitro, including vincristine, melphalan, butyrate, cisplatin, 5-FU, vinorelbine, gemcitabine and oxaliplatin (18) (19) (20) (21) (22) . CUR interferes with diverse processes in cancer cells, including the cell cycle, apoptosis, proliferation, survival, invasion, metastasis and inflammation (23) , which may be associated with its sensitizing effect. It downregulated various growth regulatory pathways and targets including NF-κB, STAT3, COX2, Akt, apoptosis-related proteins, growth factor receptors and multidrug-resistance proteins (17) . More importantly, CUR is readily available and safe, thus representing an ideal chemosensitizer.
The SKM-1 cell line, which was established from leukemia cells from a 76-year-old Japanese male patient with overt monoblastic leukemia following MDS (24) (25) (26) , is an established MDS cell model for investigating MDS in vitro. KG1a cells demonstrate characteristics of LSCs, including self-renewal potential, resistance to chemotherapy and immunotherapy, and a CD34 + CD38 -cell phenotype (27, 28) . KG1a cells are thus considered to be leukemia stem-like cells, and they provide an ideal cell model for investigating LSCs in vitro.
In the present study, we explored the ability of CUR to sensitize SKM-1 and KG1a cells to ATO by investigating the cytotoxic efficiency and molecular mechanisms of CUR and ATO alone and in combination in SKM-1 and KG1a cells in vitro.
Materials and methods
Reagents. RPMI-1640 medium (11875093), fetal bovine serum (FBS) (16000-044) (both from Gibco, Grand Island, NY, USA) penicillin and streptomycin (P11-010; PAA Laboratories, Dartmouth, MA, USA), dimethyl sulfoxide (DMSO) (A3009; AppliChem GmbH, Darmstadt, Germany), CUR (458-37-7; Sigma, St. Louis, MO, USA), ATO (ShuangLu Corp., Beijing, China), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Seebio Biotech, Inc., Shanghai, China), hydroxypropyl methylcellulose (MP Biomedicals, Santa Ana, CA, USA), the FITC Annexin V apoptosis detection kit I, anti-PARP (1:500) (both from BD Biosciences, San Jose, CA, USA) anti-caspase-3 (1:5,000) [Cell Signaling Technology (CST) Danvers, MA, USA] anti-survivin (1:5,000; BD Biosciences), the Human Apoptosis Antibody Array kit (RayBio, Norcross, GA, USA), electrophoresis apparatus trophoresis (EPS200; Tanon Science and Technology Co., Ltd., Shanghai, China), and the LI-COR Odyssey scanner (LI-COR, Lincoln, NE, USA) were used.
Cell lines and culture. SKM-1 cells were purchased from Jennio Biotech Co. (Guangzhou, China), and KG1a cells were provided by She et al (28) . Cells were cultured in RPMI-1640 medium with 10% inactivated FBS, penicillin and streptomycin at 37˚C with 5% CO 2 .
Cell viability assays. Cell viability was detected using the MTT assay. SKM-1 and KG1a cells in logarithmic phase were seeded into 96-well plates at 5x10 5 6 cells/ml, and 100 µl of the solution (1x10 5 cells) was transferred to a 5-ml culture tube, followed by the addition of 5 µl of FITC Annexin V and 5 µl PI and incubation for 15 min at room temperature (25˚C) in the dark. Finally, 400 µl of 1X binding buffer was added to each tube, and the cells were analyzed by flow cytometry.
Western blot analysis. Total cellular proteins of SKM-1 and KG1a cells were isolated using lysis buffer (RIPA). Equal amounts of protein were subjected to 10 or 15% polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% skim-milk and incubated with primary antibodies (anti-PARP, anti-caspase-3 and anti-survivin) overnight at 4˚C, followed by horseradish peroxidase-conjugated anti-mouse secondary antibody at room temperature (25˚C) for 2 h. The protein bands were imaged using chemiluminescence reagent (CTB; USA), and the band density values were analyzed using ImageJ software. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; HC301; 1:5,000) served as the internal reference.
Short interfering RNA (siRNA) transfection of survivin.
SKM-1 and KG1a cells in logarithmic phase were moderately (10 6 /ml) inoculated into 6-well plates for 24 h before transfection. Control scrambled siRNA was synthesized and purchased from GenePharma, Co., Ltd. (Shanghai, China). siRNA survivin (10 µM): 5'-GAGCCAAGAACAAAATTGC-3' (29) or control scramble sequences were transfected using Lipofectamine 2000 reagent (Invitrogen) strictly according to the manufacturer's protocol. Briefly, 5 µl of Lipofectamine 2000 was diluted in 250 µl of Opti-MEM medium (Invitrogen) in each well. The mixture was gently added to a solution containing siRNA in 250 µl of Opti-MEM medium, incubated for 20 min, and then added to the plates. After transfection with siRNA for 24 h, the cells were harvested for subsequent assays.
Analysis of apoptosis-related proteins by RayBio arrays.
The expressions of 43 apoptosis-related proteins were analyzed using a Human Apoptosis Antibody Array kit (RayBio, Norcross, GA, USA). Briefly, according to instructions (available from the RayBiotech Corp. official website (http://www.raybiotech.com/), each of the capture antibodies was printed on the membranes, followed by the addition of the treated or untreated cell lysate. After extensive washing, the membranes were incubated with a cocktail of biotin-conjugated anti-apoptotic protein antibodies. After incubation with the infrared fluorescent agent-streptavidin, the fluorescence signals were visualized using a LI-COR Odyssey scanner.
Statistical analysis. Data are represented as the mean ± standard deviation (SD) and analyzed using SPSS 13.0 and GraphPad Prism 5 software. Means of different groups were compared using one-way ANOVA followed by Bonferroni's multiple comparisons to evaluate the differences between two groups under multiple conditions. When the data failed the normality test, the Kruskal-Wallis one-way ANOVA on ranks was used for data that failed the normality test. A value of p<0.05 was considered statistically significant. CompuSyn software was used to evaluate the synergistic effects of drug combinations. The combination index (CI) was generated by CompuSyn software, where CI<1, CI=1 and CI>1 indicated synergism, additive effect and antagonism, respectively.
Results

CUR inhibits cell growth and induces cell apoptosis in SKM-1
and KG1a cells. SKM-1 and KG1a cells were treated with various concentrations of CUR (0-80 µM) for 24 and 48 h, and the cytotoxic effects were detected by MTT assays. CUR exhibited a growth inhibitory effect dose-and time-dependently in the two cell lines (Fig. 1A) . The IC 50 values in SKM-1 cells at 24 and 48 h were 37.7 and 25.4 µM, respectively, and those in KG1a cells were 21.8 and 13.9 µM, respectively. To explore whether CUR induced apoptosis in SKM-1 and KG1a cells, the two cell lines were exposed to CUR for 48 h followed by detection by Annexin V/PI. CUR induced early and late apoptosis in a dose-dependent manner in the two cell lines (Fig. 1B) . By contrast, CUR induced significantly more apoptosis in SKM-1 cells than in the KG1a cells at an equivalent concentration (Fig. 1B) , indicating that SKM-1 cells were more sensitive to CUR when compared with KG1a cells in terms of apoptosis-induction. These results were contrary to cytotoxic effects that the growth inhibitory effect of CUR is higher for KG1a cells than in the SKM-1 cells. This finding demonstrated apoptosis may not be the predominant mode of cell death, and it may also occur through alternate pathways.
ATO inhibits cell growth and induces cell apoptosis in SKM-1 and KG1a cells.
To evaluate the cytotoxic effects of ATO on the two cell lines, SKM-1 and KG1a cells were treated with various concentrations of ATO (0-14 µM) for 24 and 48 h, and the cytotoxic effects were detected by MTT assays. ATO exhibited growth inhibitory effects dose-and time-dependently in the two cell lines (Fig. 2A) . The IC 50 values in SKM-1 cells at 24 and 48 h were 8.5 and 7.5 µM, respectively, and those in KG1a cells were 13.2 and 10.9 µM, respectively. To clarity whether ATO induced apoptosis in SKM-1 and KG1a cells, the two cell lines were exposed to ATO for 48 h followed by detection with Annexin V/PI. ATO induced early and late apoptosis in a dose-dependent manner in the two cell lines (Fig. 2B) . Similar to the results obtained for CUR, ATO induced significantly more apoptosis in SKM-1 cells than in KG1a cells at an equivalent concentration (Fig. 2B) , indicating SKM-1 cells were more sensitive to ATO compared with KG1a cells.
CUR increases ATO-induced apoptosis by upregulating cleaved caspase-3 followed by PARP degradation in SKM-1 and KG1a cells. We determined whether CUR could increase ATO-induced apoptosis in SKM-1 and KG1a cells by evaluating the pro-apoptotic effects of CUR (10 µM) and ATO (8 µM) alone and in combination (CUR + ATO) using Annexin V/PI. Apoptosis of the two cell lines increased significantly in the CUR + ATO group compared with the CUR or ATO alone groups (Fig. 3A) , particularly in SKM-1 cells. For example, apoptotic SKM-1 cells in response to CUR and ATO alone and in combination were 13.7±0.4, 28.9±0.9 and 63.2±1.3%, respectively. Western blot analysis further revealed that co-treatment with CUR and ATO significantly induced caspase-3 activation and PARP cleavage (Fig. 3B) , two hallmarks of apoptosis, in both SKM-1 and KG1a cells, which was consistent with the results obtained by Annexin V/PI. These results strongly indicated that CUR was able to enhance ATO-induced apoptosis and sensitize SKM-1 and KG1a cells to ATO.
CUR synergistically enhances the cytotoxic effects of ATO in SKM-1 and KG1a cells.
To evaluate the ability of CUR to enhance the cytotoxic effects of ATO, we assessed the inhibition of the clonogenicity of CUR and ATO alone or in combination in SKM-1 and KG1a cells. Cells were treated with CUR (10 µM) and ATO (8 µM) alone or in combination for 48 h, followed by inoculation in a methylcellulose for 14 days, and observation and counting under a light microscope. Colony formation was significantly reduced in the combination groups compared with the CUR or ATO alone groups (Fig. 4A) , which indicated that CUR enhanced the ATO-induced inhibition of colony formation.
Furthermore, we detected the inhibition of survival in response to CUR and ATO alone or in combination in SKM-1 and KG1a cells. Cells were exposed to a range of concentrations of ATO (0-16 µM) and CUR (0-20 µM) for 48 h. The cell viability in each sample was measured using MTT assays. The dose-response curve of ATO was shifted to the left by CUR (Fig. 4B) . Accordingly, CUR enhanced the cytotoxic effects of ATO on SKM-1 and KG1a cells. To evaluate the synergism of CUR and ATO in the two cell lines, cells were treated with combinations of the two drugs at different doses but at a constant ratio (CUR to ATO: 5-4, 10-8 and 20-16 µM, respectively) for 48 h. Synergistic effects were estimated using CompuSyn software. The CI values were <1 in both cell lines (Fig. 4C) , demonstrating the synergism of CUR and ATO in combination.
In summary, these results demonstrated that CUR synergistically enhanced the cytotoxic effects of ATO and sensitized SKM-1 and KG1a cells to ATO.
Effects of CUR and ATO alone or in combination on the expression of apoptosis-related proteins in SKM-1 and KG1a cells.
To explore the mechanisms and potential targets by which CUR increased ATO-induced apoptosis, we detected 43 apoptosis-related proteins using apoptosis antibody array assays in SKM-1 and KG1a cells treated with CUR (10 mM) and ATO (8 mM) alone or in combination for 48 h. Fold-changes ≤0.667 or ≥1.5 usually indicated that the protein expression level was modulated. As shown in Table I, 27 proteins were   Table I . Expression of apoptosis-related proteins in the treated groups. upregulated and four proteins were downregulated in SKM-1 cells in the drug combination group (Table I ). In addition, five proteins were upregulated and seven proteins were downregulated in KG1a cells in the drug combination group (Table I) . Caspase-3 was upregulated significantly in both SKM-1 and KG1a cells, in accordance with the results of the western blot analysis (Fig. 3B) . The protein expression level of survivin was significantly upregulated in the ATO group, but significantly downregulated in the CUR and drug combination groups in both SKM-1 and KG1a cells (Table I) . Thus, we inferred that survivin may be a potential target of sensitizing SKM-1 and KG1a cells to ATO.
SKM-1 KG1a ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Suppression of survivin with siRNA induces apoptosis and increases susceptibility to ATO in SKM-1 and KG1a cells.
We determined the role of CUR-induced downregulation of survivin in the sensitization of SKM-1 and KG1a cells to ATO by interfering with survivin expression using siRNA and evaluating the effect on apoptosis using Annexin V/PI assays. After treatment with siRNA-survivin for 24 h, the protein expression level of survivin was significantly downregulated and apoptosis was significantly increased (similar to the CUR-treated groups) compared with the si-control groups in the two cell lines (Fig. 5A and B) . As shown in Fig. 5C 
Discussion
MDS possesses the characteristics of a poor response to traditional chemotherapy (11) , leukemic transformation (30), and easy relapse, which are associated with the age of the patient (tend to occur in the elderly) and LSCs or pre-LSCs (31) . LSCs, which are characterized by self-renewal, chemoresistance and immune-resistance, are thus responsible for the origin, drug resistance and relapse of leukemia and leukemia-related disease (28, 32) . Only by enhancing the sensitivity of MDS cells and LSCs or pre-LSCs to chemotherapeutic drugs can we effectively circumvent the above barriers. In the present study, we investigated the combination of CUR and ATO on MDS-SKM-1 cells and leukemia stem-like KG1a cells to assess whether CUR could increase the susceptibility of these cells to ATO. The anticancer activities of CUR have been extensively investigated and reported in various types of cancers, including leukemia, lymphoma, gastrointestinal, genitourinary, breast and ovarian cancer, head and neck squamous cell carcinoma, lung cancer, melanoma and sarcoma (23) . However, little research has been conducted to assess the anticancer potential of CUR in MDS cells and LSCs. In the present study, CUR exhibited growth inhibition and apoptosis induction time-and dose-dependently in both MDS-SKM-1 cells and leukemia stem-like KG1a cells. Thus, we considered CUR may be a potential sensitization agent to ATO in SKM-1 and KG1a cells.
ATO has received extensive attention due to its anticancer activities in various cancers by affecting cellular functions via different molecular targets. For instance, ATO can induce apoptosis by activating the caspase cascade, decreasing the mitochondrial membrane potential, and increasing the production of reactive oxygen species (33, 34) . The most successful application of ATO for the treatment of cancer is currently its use to treat patients with APL by targeting the PML-RARa fusion protein (35) , achieving complete remission with only few adverse effects (6) . Similarly, ATO has been applied to treat MDS patients but without promising results (11) due to a low response and subsequent relapse. In the present study, ATO could indeed inhibit cell growth and induce partial apoptosis in SKM-1 and KG1a cells in vitro, but high-dose concentrations were needed. In addition, KG1a cells exhibited reduced sensitivity to ATO compared with SKM-1 cells (Fig. 2B ), in accordance with the characteristics of LSCs, which may provide an explanation for MDS relapse after treatment with ATO alone.
To solve the problems associated with a low response and easy relapse after treatment with ATO alone, the sensitivity of MDS cells and LSCs to ATO must be enhanced. Thus, we adopted the strategy of combining CUR with ATO to treat SKM-1 and KG1a cells in vitro and explored their synergistic effect. We found that CUR could significantly increase ATO-induced apoptosis and had a synergistic cytotoxic effect with ATO on both SKM-1 and KG1a cells. Previous studies have reported that ATO combined with other agents, including ascorbic acid (11), thalidomide, retinoid acid (10), and low-dose cytarabine (15) , can enhance the treatment efficacy in vivo and in vitro. Sánchez et al demonstrated that the addition of CUR increased the efficacy of ATO as an antitumor drug in U937, HL60 and K562 cells (36) . However, we reported the first demonstration of the combination of CUR and ATO to treat MDS and leukemia stem-like cells in vitro. These results provide a strong basis for the treatment of MDS by combining CUR with ATO in vivo.
We also explored the mechanisms and searched for the target by which CUR enhanced ATO-induced apoptosis by detecting 43 apoptosis-related proteins using protein array assays in SKM-1 and KG1a cells following treatment with CUR and ATO alone or in combination for 48 h. Thirty-one proteins were modulated (upregulation or downregulation) in SKM-1 cells, whereas 12 proteins were modulated (upregulation or downregulation) in KG1a cells in the combination groups (Table I ). These data indicated that co-treatment of these cells with CUR and ATO could affect various targets and pathways of apoptosis, particularly in SKM-1 cells.
Apoptotic signal transduction can proceed via two main signaling pathways, including the death receptor (extrinsic) and the mitochondrial (intrinsic) pathways (37) . Caspase-8, which directly cleaves caspase-3, is considered to be the initiator and hallmark of the extrinsic pathway (38) . In the present study, caspase-8 was significantly upregulated in SKM-1 cells in response to co-treatment with CUR and ATO, but no change was detected in KG1a cells. These results indicated that co-treatment with CUR and ATO induced SKM-1 cell apoptosis by both extrinsic and intrinsic pathways, leading to a higher sensitivity of SKM-1 cells to ATO compared with KG1a cells. The upregulation of death receptors (TRAILR-2/3/4, Fas) in SKM-1 cells further supported these findings.
Survivin is a member of the inhibitor of apoptosis proteins (IAPs) that is expressed in the vast majority of neoplasms but not in differentiated normal tissue (39) . In the present study, survivin protein overexpression was downregulated in both SKM-1 and KG1a cells in the CUR groups and drug combination groups. Some previous reports have shown that the suppression of survivin can lead to apoptosis of cancer cells and can enhance the chemotherapeutic sensitivity of drugs, including cisplatin and doxorubicin, in lung cancer and breast cancer cells (40, 41) . Notably, we confirmed that suppressing the expression of survivin by siRNA indeed enhanced the sensitivity of SKM-1 and KG1a cells to ATO. These results strongly indicated that survivin may be a potential target of CUR and ATO co-treatment in SKM-1 and KG1a cells. X-linked IAP (XIAP), another member of the IAPs, inhibits the caspase-dependent apoptotic pathway by forming a survivin-XIAP complex (42) . The XIAP stability may be disrupted via the suppression of survivin. In the present study, XIAP was significantly downregulated in both cell lines by co-treatment with CUR and ATO, representing another potential mechanism underlying the enhancement of apoptosis in the drug combination groups in these two cell lines.
In summary, we demonstrated that CUR could enhance the sensitivity of MDS-SKM-1 cells and leukemia stem-like KG1a cells to ATO by downregulating a potential target survivin protein. Thus, the barriers associated with a poor response and frequent MDS relapse following treatment with ATO alone may be solved by combining CUR with ATO.
